Purpose Computed tomography can be used for threedimensional (3D) evaluation of adolescent idiopathic scoliosis (AIS) patients, but at the expense of high radiation exposure, and with the limitation of being performed in the supine position. These drawbacks can now be avoided with low-dose stereoradiography, even in routine clinical use. The purpose of this study was to determine the 3D postoperative correction of AIS patients treated by posteromedial translation. Methods Forty-nine consecutive patients operated for AIS (Lenke 1-4) using posteromedial translation were included. Corrections were evaluated preoperatively, postoperatively and after at least 2 years using the EOS imaging system. 3D angles were measured in the plane of maximum deformity. Results Mean number of levels fused and operative time were 13.5 ± 1 and 215 ± 25 min, respectively. Main thoracic, proximal thoracic, and lumbar curves corrections averaged 64.4 ± 18, 31 ± 10 and 69 ± 20 %, respectively. Mean T4-T12 kyphosis increased 18.8°± 9°in the subgroup of hypokyphotic patients. Mean apical vertebral rotation reduction was 48.3 ± 20 %. Trunk height gain averaged 27.8 ± 14 mm. There was no pseudarthrosis or significant loss of correction in any plane during follow-up. Two patients (4 %) developed asymptomatic proximal junctional kyphosis, despite having normal thoracic kyphosis. Their sagittal balance was shifted posteriorly by 36 and 47 mm, respectively, by the operation, but revision surgery was not performed. Conclusions Low-dose stereoradiography provided 3D reconstructions of the fused and unfused spine in routine clinical use. Postoperative 3D analysis showed that posteromedial translation enhanced sagittal balance correction, without sacrificing frontal or axial correction of the deformity.
Introduction
Correcting the spine in the frontal plane while achieving or maintaining physiological sagittal curves is now one of the most challenging goals in adolescent idiopathic scoliosis (AIS) surgery [1] [2] [3] [4] . As emphasized by Imrie et al. [5] , the development and application of powerful pedicle screw instrumentation constructs has sometimes led to great coronal correction, but at the expense of sagittal alignment. The difficulty of restoring adequate thoracic kyphosis, observed in AIS patients treated by selective posterior thoracic fusion, has also been pointed out when direct vertebral derotation is used for correction in allpedicle screw constructs [6, 7] . Hybrid constructs that depend on posteromedial translation for spinal correction have demonstrated very satisfying results in both the frontal and sagittal planes, but their efficacy in the axial plane has never been assessed in three dimensions (3D) [8, 9] .
The clinical relevance and impact of 3D analysis on scoliotic deformities has recently been pointed out by the Scoliosis Research Society (SRS), which is currently in the process of developing a 3D classification of AIS [10] . Indeed, significant correlations between 3D parameters of deformities and clinical outcomes have been reported [11] . Computer scanning can be used for this type of analysis, but at the expense of high radiation exposure, and with the limitation of being performed in the supine position. These drawbacks can now be avoided by the use of low-dose stereoradiography in standing AIS patients to obtain 3D reconstructions, the validity of which in routine preoperative and postoperative use has been recently confirmed [12] . Therefore, in surgical units that dispose of this imaging system, the efficacy of AIS treatment procedures can now be accurately measured in all three planes, routinely, without a trade-off in safety [13] . The long-term risks posed by former methods of 3D imaging probably account for the paucity of literature reports to date evaluating postoperative results of AIS. Routine clinical use of this new low dose imaging system at the authors' institution permitted the present study, the purpose of which was to determine the 3D postoperative correction in a cohort of AIS patients treated by posteromedial translation.
Materials and methods

Patients
Following institutional review board approval, 49 consecutive patients operated for AIS (Lenke 1-4) were prospectively included. A minimum 2-year follow-up was required. All patients were evaluated preoperatively, in the early postoperative period (within 3 months), and at last follow-up. None of the patients had prior spinal surgery.
Operative procedure
All patients underwent posterior spinal fusion and instrumentation using hybrid constructs that included Universal Clamps (UC) (Zimmer Spine, Bordeaux, France) in the thoracic spine, lumbar pedicle screws (Java, Zimmer Spine, Bordeaux, France), and hooks at the upper thoracic spine (Zimmer Spine, Bordeaux, France or Medtronic, Minneapolis, MN, USA) ( Fig. 1) . Fusion levels were selected following the same criteria during the entire study period, and 5.5 titanium alloy rods were used in all cases [14, 15] . The two rods were contoured to the desired sagittal profile and connected with two transverse connectors before placement. The rods were first introduced in the pedicle screws, and lumbar correction was performed. Posteromedial translation was the primary technique used for thoracic correction, while in situ contouring, compression and/or distraction were also performed as needed to improve levelling of the uninstrumented spine both proximal and distal to the fusion construct [8, 9, 14, 15] . No patient underwent anterior release before posterior correction and fusion. During all 49 procedures, spinal cord function was monitored by means of somatosensory/motor-evoked potentials.
Biplanar radiographic system
Low dose biplanar radiographs (EOS imaging, Paris, France) were obtained preoperatively, postoperatively and at the latest patient visit as part of the routine work-up and follow-up [12] . Patients were in the weight-bearing standing position, arms folded at 45°in order to avoid superposition with the spine. All images included the base of the skull and the upper third of the femurs. The EOS system is a slot-scanning radiologic device consisting of two X-ray sources, allowing simultaneous acquisition of orthogonal images [13] . The sources are coupled to linear detectors that are based upon micromesh gaseous structure technology [16] . The two source detector pairs are positioned orthogonally, so the patient's anteroposterior and lateral images are generated line-by-line while the whole system is vertically translated. Scan time lasts from 8 to 15 s for a spine examination, depending on the patient's height. Entrance surface doses were recorded for all acquisitions, and then converted into effective doses for each organ using the dedicated weighting factors reported by Hart et al. [17] .
Reconstruction process
As previously described, full 3D images of the spine were reconstructed by an independent senior radiologist, experienced with the method (total 147 reconstructions) [12, 18, 19] . The preliminary step was the identification of a segment on the sacral endplate and two spheres around the femoral heads in the acetabuli, which permitted the creation of a 'patient frame' that is compatible with the reference axis used by the SRS for classification of AIS [20] . The spinal curve, the T1 upper endplate and the L5 lower endplate were then digitalized, and used as predictors to statistically estimate the other descriptors of the parametric spine. A highly detailed 3D model was generated then projected on both X-rays so that the operator could verify and, if necessary, perform fine adjustments of the position and shape of each reconstructed vertebra (T1-L5).
3D parameters
The following clinical measurements were calculated from the reconstructions: T4/T12 kyphosis, L1/L5 and L1/S1 lordoses, Cobb's angle of the different curves, axial vertebral rotation of the apical vertebra (AVR), pelvic incidence, pelvic tilt, and sacral slope. All measurements were 3D angles. Vertebral axial rotations were calculated as recommended by the SRS 3-D Committee [21] . From the 3D reconstructions, a local frame was automatically calculated and attached to each vertebra. Rotations were measured as the axial rotation of the local vertebral coordinate system, in relation to the global body coordinate system [22] .
In addition, the torsion index of the main thoracic curve (sum of the axial vertebral rotations of the curve), the iliolumbar angle (angle between the upper endplate of L4 and a line joining the sacroiliac joints), and the residual frontal and axial tilts of the lowest instrumented vertebra (LIV) were reported.
As recommended by the SRS 3D committee, the central hip vertical axis (CHVA) was used as the reference axis to evaluate patients' balance [20] . Sagittal and frontal alignments were determined by measuring the distances between the projection of the center of T1 on the different axes (x and y, respectively) and the CHVA (positive value in case of anterior shift). Trunk height gain was estimated by comparing the postoperative and preoperative projections of the center of T1 on the CHVA (z coordinate). The distances between the projection of the center of each vertebra on the different axis and the CHVA were also calculated, and used if necessary to represent vertebral vectors as described by Illes et al. [23] .
Statistical analysis
Two-tail paired t tests were used to compare preoperative and postoperative measurements. A p value \ 0.05 was considered to be significant. All statistical analyses were conducted using the software Statview (SAS Institute Inc, Cary, NC, USA).
Results
Demographic data and operative procedures
There were 45 girls and 4 boys (average age, 15 years; range 13-17), with 17 Lenke 1 curves, 9 Lenke 2, 15 Lenke 3, and 8 Lenke 4. Mean follow-up was 34 ± 6 months. The mean number of levels fused was 13.5 ± 1 (11) (12) (13) (14) (15) . The number of UCs used for thoracic correction averaged 6.8 (5-10). The apical vertebra was instrumented with two UCs in all cases. The average operative time was 215 ± 25 min. No intraoperative complication was reported. In particular, no significant change in the monitored somatosensory/motor-evoked potentials was recorded during insertion of the sublaminar bands.
Analysis of 3D reconstructions
Dose radiation
According to the average weighting factors reported by Abul-Kasim et al. [24] , the mean calculated entrance surface doses obtained with EOS were 0.18 (±0.05) mGy for the frontal view and 0.30 (± 0.07) mGy for the lateral view, thus corresponding to an effective dose of 0.06 mSv.
Spinal parameters
Reconstruction time averaged 12 ± 0.8 min. The anatomic landmarks were clearly distinguishable by varying the luminosity and contrast to optimally reveal the vertebrae and pelvis. In particular, the superior endplate of T1 and the femoral heads were visible in all cases.
Corrections obtained in the frontal and axial planes, calculated in the plane of maximum deformity, are reported in Table 1 . All parameters improved significantly, and no significant loss of correction was observed between early postoperative and latest follow-up.
Sagittal parameters obtained from 3D reconstructions are reported in Table 2 . Twenty-nine patients (59 %) were hypokyphotic preoperatively (i.e., \20°). In these 29 patients, thoracic kyphosis significantly increased after the procedure (average 18.8°± 9°), without loss of correction during follow-up, and 94 % of the cohort had normal thoracic kyphosis (i.e., 20°-40°) at latest examination (Fig. 2) . None of the patients had \10°of thoracic kyphosis at follow-up.
The frontal residual tilt of the LIV averaged 3.7°± 2°at follow-up. A residual tilt [5°, thus exceeding the preoperative goal, was observed in nine patients (18 %), but no revision surgery was performed for loss of frontal balance or residual progressive deformity of the unfused spine. Mean axial rotation of the LIV was 3.6°± 2.5°postoper-atively, and was under 5°in 79.5 % of the patients at latest follow-up.
Spinal balance
Modifications of the position of the center of T1, with regard to the CHVA, are summarized in Table 3 . No significant change was observed between the early postoperative period and latest examination. Ninety percent of the patients were posteriorly balanced preoperatively, and the sagittal balance of the spine was not significantly modified after the surgical procedure (average 6.3 ± 21 mm). The frontal balance was significantly improved, with 94 % of the cohort being balanced (i.e., \20 mm) at latest followup. Trunk height gain averaged 27.8 ± 14 mm.
Pelvic parameters
Measures of pelvic parameters obtained from 3D reconstructions are reported in Table 4 . None was significantly modified postoperatively. 
Complications
No neurological complication occurred during or after the procedures. No pseudarthrosis or significant loss of correction was reported during follow-up. One patient underwent early revision (1 month postoperative), for mobilization of a proximal supralaminar hook. Two patients (4 %) developed asymptomatic proximal junctional kyphosis (PJK), despite having normal thoracic kyphosis. Their sagittal balance was shifted posteriorly by 36 and 47 mm, respectively, by the operation, but revision surgery was not performed.
Discussion
Low dose biplanar stereoradiography
The limitation of 2D radiological measurements and the clinical usefulness of measurements obtained from 3D reconstruction have been recently emphasized by the SRS ''3D Scoliosis Committee'' [10, 11, 20, 25] . Preliminary 3D assessment of intervertebral deviation has already been performed by Hattori et al. [26] using bone models, but stereoradiography allows a routine clinical use. The images of scoliosis patients in the standing position, provided by the new EOS imaging device and its 3D reconstruction software (SterEOS, EOS imaging, Paris, France), contribute substantially to understanding of both preoperative scoliotic deformities and postoperative correction. The Values are presented with standard deviation method does not require additional examination to assess the axial plane, and vertebral axial rotations, in particular, can be assessed accurately in routine pre-and postoperative clinical use with greatly reduced exposure to ionizing radiation [12] . As a matter of fact, the mean effective dose calculated in the current study was 6 times lower than the one reported by Abul-Kasim [24, 27] with low-dose CT. The device is expensive, but the cost of an examination remains the same as the one of a conventional full spine radiograph in our institution. Illes et al. [23] have also recently described potential advantages of viewing the spine from above and introduced the concept of vertebra vectors .These vectors furnish the surgeon easy-to-understand interpretation of the deformity, reflecting the distance of each vertebra from the CHVA and the orientation of the axis of each vertebral body in the horizontal plane (Figs. 3 and 4) . In addition, postoperative 3D reconstructions provide accurate measurements of residual axial and frontal tilts of the LIV, essential when evaluating the long-term outcome of the unfused spinal segments and risk of ''adding-on'' surgery [28] . Eventhough radiation dose is a major concern for pediatric patients who require repeated imaging, recent studies have emphasized that no patient health outcomes has ever been reported to date in the literature, and that further clinical studies are required to investigate the long-term benefits of EOS on patient management [29] [30] [31] .
Postoperative analysis of the correction Results of the current study confirm that posteromedial translation, performed with UCs, is an effective correction technique for AIS. Ranging from 35 to 98 %, the frontal correction rates were consistent with previous reports about sublaminar bands, and with previous 2D postoperative analysis after Luque or hybrid instrumentations [8, 9, 14, 32, 33] . Delorme et al. [34] had already investigated the 3D postoperative change of the spinal shape in patients treated with the Colorado system, with correction rates consistent with the ones reported in the current study, but the followup was very short (1 month), and the assessment did not use the low-dose stereoradiography. However, we share the concern of Winter et al. [4] that there is an overemphasis in recent publications on achieving a few supplemental degrees of coronal reduction, and feel that it is more important to obtain a balanced fusion. This goal was properly achieved with respect to the CHVA in 94 % of the present patients. One must note that the number of levels fused in the current study (13.5 ± 1) was relatively high, but this can be explained by (1) the high percentage of patients (47 %) having structural lumbar curves, and (2) the fact that according to our general fusion criteria, no matter the construct selected, the arthrodesis never ended above L2 distally, in order to avoid distal junctional kyphosis, and therefore selective fusions were rarely performed.
The current study provides the first reliable values of the rotational correction achieved with UCs. Surprisingly, the torsion index reduction reached 44 %, and the apical vertebral rotation correction averaged 48.3 %, approaching the rates reported in the literature obtained using direct vertebral rotation (DVR) (42.5-64 %) [35] [36] [37] while obviating potential risks associated with DVR [38] . The unexpectedly high apical vertebral rotational reduction observed in the present patients might be explained by the fact that the corrective maneuver was mediated simultaneously by both rods, preassembled using fixed transverse connectors (Fig. 5) . During the correction, the spine was pulled posteriorly using the sublaminar bands on the concave rod, but the convex rod also pushed the lamina on the convex side, thus creating a ''detorsion effect'' on the instrumented spine. These modifications of the vertebral body axes of the segments included in the curve are more clearly revealed with modelized vertebral vectors (Fig. 6) .
Restoring the sagittal balance of the spine remains one of the most challenging goals in scoliosis surgery, and undercorrection of thoracic kyphosis has been associated with an increased risk of PJK [3] . In the current series, UCs improved the thoracic kyphosis, regardless of the preoperative sagittal modifier, confirming that hybrid constructs can enhance sagittal correction [3, 9, [39] [40] [41] . Only 3 (6 %) patients remained hypokyphotic at latest follow-up, with a mean T4-T12 kyphosis improvement of 14.3°± 10°, and a low incidence of PJK (4 %) was observed. These results confirm that posteromedial translation effectively corrects sagittal alignment instead of worsening it, as has been observed in studies of direct vertebral body derotation [1, 6] .
CHVA and spinal balance
The main parameters of spino-pelvic sagittal alignment (pelvic incidence, lumbar lordosis, and thoracic kyphosis) measured on our 3D reconstructions were comparable to the same parameters measured on 2D standing radiographs, reported in a series of 160 AIS patients [42] .
As recommended by the SRS ''3D Scoliosis Committee'', the CHVA was used as a reference axis in the current series [20] . More reproducible than the center sacral vertical line, the CHVA represents the physiologic center of balance of the spino-pelvic unit because it takes into account femoral head support. It was easily computed on the present 3D reconstructions from low dose biplanar radiographs, and was used for spinal balance analysis. Mac Thiong et al. [43] reported that the C7 plumbline of most pediatric patients lies behind the hip axis on standing radiographs, but that the C7 plumbline lies in front of both hip axis and sacrum in 12 % of normal subjects between 10 and 18 years of age. Results of the current 3D analysis confirm that tendency in AIS patients, with 90 % of the subjects posteriorly balanced preoperatively with regard to the CHVA. The global sagittal balance of the spine was not modified after the correction, but in the two patients who developed PJK, sagittal balance was significantly shifted posteriorly after the procedure even though they had normal values of thoracic kyphosis. This suggests that postoperative change in thoracic kyphosis might not be the most important risk factor for PJK, and that the influence of postoperative modifications in sagittal balance with regard to the CHVA warrant further study in 3D [3] .
Limitations of the study
There are several weaknesses in this study. No control group was used, and the corrections obtained with posteromedial translation will need to be compared in the future to other reduction techniques assessed with low dose stereoradiography. Although the follow-up period was short (34 months) in the UC group, it is now accepted that loss of correction after fusion in AIS primarily occurs during the first postoperative year and that results of spine surgery can be reliably evaluated radiologically after a minimum follow-up of 2 years [44] . However, the longterm outcomes of patients with PJK or a residual frontal tilt of the LIV [5°would merit further investigation. The measurements obtained with the EOS system were not compared to another imaging method, since the purpose of the study was not to evaluate the reliability of stereoradiography, which has already been reported previously in AIS [12] . Finally, this was a purely radiological study, no functional score being used to evaluate the clinical outcome of these patients.
In conclusion, routine clinical use of the EOS imaging system safely provided 3D reconstructions, which reliably demonstrated for the first time that posteromedial translation could enhance sagittal balance correction without sacrificing either frontal or axial correction of AIS. Radiological outcome in all planes was maintained at more than two and a half years, but needs to be confirmed at longer follow-up and correlated with functional scores.
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